Abstract. The method of angle-and spin-resolved photoelectron spectroscopy has been used in combination with a laser based source of vacuum ultraviolet (VUV) radiation to study the photoionization dynamics of the HI molecule. The narrow bandwidth (3 v < 1 cm-1) of the ionizing VUV radiation (v = 83 200 cm-1 _ 89 300 cm 1) enables the resolution of the molecular rotation for single-photon excitation to spin-orbit autoionization resonances. The experimental results for the dynamical parameters a, A, fl, %, and ~ are compared to the results of a recent ab-initio calculation (M. Biichner, G. Raseev, and N.A. Cherepkov, J. Chem. Phys. 96, 2696 (1992)) and used to analyze the photoionization process in terms of partial contributions of different values of I and 2 to the outgoing electron waves.
Introduction
Photoionization of atoms and molecules is one of the fundamental processes in the interaction of radiation with matter [ 1 ] . Studies of molecular systems are inherently more difficult than those of atomic systems, since additional degrees of freedom are involved. Detailed investigations of the dynamics of the molecular photoionization process were greatly assisted by the development of the laser. Since the ionization potentials for most small molecules lie above 10eV, resonantly enhanced multiphoton ionization techniques (REMPI) have been developed [2] . Selecting the initial state of the photoionization process by a resonant excitation to a discrete state simplified the resulting spectra very much. However, due to a possible alignment induced in the intermediate state, and due to complications caused by several interacting A different approach to the detailed study of molecular photoionization dynamics became possible with the development of frequency mixing of visible and ultraviolet (uv) laser radiation in metal vapors and noble gases [3] . Four-wave frequency mixing of dye laser beams produces coherent radiation in the spectral region from 200 nm to 70 nm with bandwidths of typically 1.0 cm-1, or even less, and photon intensities ofI~ 101°-1013/pulse [4] . The narrow bandwidth of the vacuum ultraviolet (VUV) radiation enables the resolution of rotational structure for many small molecules in the excitation step. If combined with the technique of pulsed-field ionization with zero kinetic energy electron spectroscopy (PFI-ZEKE) [5] , this method has proven to be a superb tool for the determination of ionization potentials of molecular ions. The resolution of the kinetic energy spectrum of the photoelectron is essentially limited only by the bandwidth of the radiation. However, the nature of the PFI-ZEKE technique restricts its application to the region of photoionization thresholds. In order to study the detailed dynamics of the autoionization process, more energetic electrons have to be detected. Here, rotational resolution in the kinetic energy spectrum of the photoelectron can be achieved only in exceptional cases [6] , whereas vibrational structure can be resolved quite readily. In a generalized photoionization experiment, not only the dependence of the photoelectron emission on the excitation energy can be studied, but also the kinetic energy of the electron, its angle of emission and the orientation of the spin-polarization vector in the laboratory frame of reference [7] . The number of independent observables depends on the polarization of the ionizing radiation. In atoms, the higher spherical symmetry leads to the selection rule for the angular momentum of the photoelectron and the total angular momentum of the system Ae=±l and AJ=0, ±1, respectively, which restricts the number of dipole matrix elements to be considered in the analysis of an experiment on closed shell systems to three. In this case, five independent observables prove to be sufficient for a quantum mechanically complete description of the photoionization experiment [8] . In molecules, this is generally not possible.
The high spectral brightness and the selectable polarization of the VUV radiation generated by frequency mixing enables for the first time the study of all dynamical parameters of the photoionization process resolving the rotational structure in the excitation step. It has been demonstrated for the asymmetry parameter//of the angular distribution of the photoelectrons [9, 10] , and a first experiment studying the influence of molecular rotation on the photoelectron spin polarization has been performed by . In this experiment, the angle-integrated photoelectron spin polarization was observed in spin-orbit autoionization to the ionic groundstate of the HI molecule.
Among the hydrogen halides (HX, X=F, CI, Br, I), HI has the lowest ionization potential (10.386 eV) [ 12] . This value was determined for a rotational temperature of 300 K. A careful analysis of our experimental results in the threshold region at a rotational temperature of 13 K yields a value of 83 738 + 8 cm-1 for the lowest rotational level (J~-=3/2) of the ionic ground state [13] . HI can be ionized by VUV radiation generated very efficiently in a mercury heat pipe [14] . The photoionization of an electron from the highest, non-bonding n-orbital leads to a (pTr) 3 configuration and a 2/-/ionic ground state. The strong spin-orbit interaction gives rise to a splitting of 5378 -k-8 cm-1 [13] between the electronic term values of the two components of the 2/7 state. Several Rydberg series converging to the higher lying 2/71/2 component autoionize through spin-orbit interaction into the 21-13/2 continuum. The large rotational constant of the neutral molecule (B e' = 6.426 cm-1) [15] and the similar value for the molecular ion (B + ~6.3 cm-1) [16] lead to a simple rotational structure in the ionization spectra. This structure can be resolved quite readily in the excitation step using narrow-band VUV radiation generated by frequency mixing.
Previous angle-and spin-resolved experiments on photoelectrons from HI using synchrotron radiation have concentrated on the photon energy region above the 2/-/ ionic thresholds, investigating the influence of electronic autoionization and the direct transition to the open continuum [ 17] . Polarization measurements were also carried out with resolution of the molecular vibration in the final ionic states and it was shown that specific information on the coupling of resonances to the outgoing partial electron waves can be obtained by combining cross section and polarization data [ 18] . However, in such studies of the energy dependence of the spin-polarization parameters at a resolution of A it = 0.5 nm, only broad structures can be analyzed.
Several theoretical studies covering different aspects of the photoionization of the HI molecule are available for the spin-orbit autoionization region [ 16, 19, 20, 21] . After the first multichannel quantum-defect calculation of the polarization parameters [ 19] a formalism which includes the molecular rotation explicitly was developed by Raseev and Cherepkov [20] . This theory was then applied to a calculation using pure Hund's case (e) coupling and compared with available experimental cross section and spin polarization results [21]. Lefebvre-Brion has then extended the calculations to include a transition in angular momentum coupling from Hund's case (c) to (e) which gave improved agreement with experimental total yield results for Rydberg orders from 10 to 14 [16] .
The purpose of this paper is to report on an extension of the previous rotationally resolved studies on HI [9, 11, 16, 22] by performing now angle-resolved measurements of the spin polarization components to obtain the dynamical parameters A, 0~, and ~. Furthermore, resuits for the asymmetry parameter p of the photoelectron angular distribution were obtained for the same expansion conditions of the molecular beam and the measurements of the angle-integrated spin polarization were extended to higher photon energies.
Experimental
The experimental arrangement for angle-and spin-resolved photoelectron spectroscopy on small molecules can be divided into two parts: the generation and analysis of the polarized VUV radiation and the photoionization experiment with subsequent energy, angle, and spin resolved measurements of the emitted photoelectrons.
The ionizing VUV radiation is generated by resonantly enhanced four-wave sum-frequency mixing of pulsed dye laser radiation in mercury vapor. A detailed description of the experimental setup for the generation of the VUV radiation has been given elsewhere [22] . Briefly, it consists of two dye lasers pumped by the frequency doubled output of a Nd: YAG laser. The output of one dye laser is frequency doubled in a KD*P crystal and tuned to the 6dlD2*--6s1So two-photon resonance in mercury at 71 333.18 cm -1 (it ,-~280.3 nm) for a resonant enhancement of the mixing process. The output of the second dye laser is overlapped with this uv radiation in a dichroic mirror and both beams are focused (f = 1000 mm) into the vapor zone of a mercury heat-pipe operating at approximately 7 mbar of Hg-pressure with ,-~ 13 mbar of Ne-gas as a buffer. A telescope in the path of the visible dye laser adjusts the focal conditions for optimum VUV generation. Tuning the visible dye laser from it = 560 nm to it = 840 nm results in VUV generation in the energy region from 89 300 cm-1 to 83 200 cm-1. The bandwidth of the VUV radiation ( < 1.0 cm-1) is determined by the bandwidth of the incoming dye laser radiation.
A LiF prism separates the generated radiation at the sum frequency from the incoming laser radiation and other mixing products [14] , and steers the beam onto the photoionization target. Behind the target region, a vacuum photodiode monitors the intensity of the VUV signal. This photodiode can be rotated out of the beam to allow the VUV radiation to pass through a polarization analyzer. The analyzer is of the reflecting surface type using four gold-coated mirrors [23] . After passing through the analyzer, the VUV beam impinges on a copper plate
